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Abstract 
Silicon (Si) is an important element in the environment and is required for diatom production. Bedrock type, weathering rate and 
terrestrial vegetation are factors known to influence dissolved Si fluxes at the landscape scale, however the combined effect of 
these factors, along with anthropogenic influences on Si concentration and seasonal Si cycling is yet unknown. Using the 
provincial water quality monitoring network dataset (PWQMN) provided by the Ontario Ministry of Environment (Canada), 
Satellite data from The Ontario Land Cover Database (OMNR), we tested several factors that may influence dissolved silica 
(DSi) concentration and the annual DSi concentration range (as a proxy for seasonal cycling) for 79 river and stream monitoring 
stations within 53 distinct sub-watersheds in Ontario, Canada, for the years 2005 to 2011 in single and multivariate analyses. Our 
results indicate that the annual average DSi concentration is not affected by land-use type. The annual range in DSi, however, is 
positively influenced by the percent of land under agriculture, and negatively influenced by the amount of land covered by 
forests. Because average DSi is not affected by land-use, increased N and P loads associated with agricultural activity mean 
lowered Si:N and Si:P ratios in river water. Increased annual DSi range implies changes to both the timing and the quantity of Si 
delivered to downstream coastal environments, which may have implications for seasonal diatom production and carbon 
sequestration. 
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1. Introduction  
Silicon (Si) is an important element of earth’s surface. It is required by many aquatic and terrestrial organisms, 
notably diatoms, for frustrule formation. As marine diatom production drives the global carbon cycle1,2, silicon 
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cycling is linked to the global carbon as well as nitrogen and phosphorus cycles. The chemical weathering of silicate 
rocks to produce dissolved Si (DSi), or H4SiO4, is an additional sink for atmospheric CO23.  
Global DSi budgets have been well quantified4. The primary source of new DSi to the ocean is through riverine 
inputs, resulting from the weathering of silicate rocks, but it is first transformed by terrestrial vegetation5,6. While 
upwelling in the is the most important driver of Si-limited diatom production in the open ocean7, riverine Si delivery 
drives coastal zone and river plume diatom production8,4, particularly, it’s delivery relative to N and P. A low 
abundance of Si relative to N and P can limit diatom growth and biomass in aquatic and marine environments8,9, 
thus, changes in river nutrient stoichiometry have the potential to influence global carbon sequestration. 
 As terrestrial biological processes constrain terrestrial Si export, understanding biogeochemical Si 
transformations at the landscape, regional and site scale is important for predicting Si fluxes to coastal areas. 
Particularly, the seasonal timing of Si delivery to coastal areas may be important to seasonally occurring diatom 
blooms. The effect of land use type and human modifications to the landscape on Si delivery to the coastal oceans is 
still unknown, in addition, the influence of in-river ecological drivers of seasonal Si concentrations are still yet to be 
quantified. 
The aim of this work is to investigate landscape controls on riverine DSi concentrations and DSi seasonality. We 
used several large, publicly available datasets consisting of landscape features and water quality measurements for 
the province of Ontario, Canada. Single and multivariate approaches were utilized to evaluate patterns and 
correlations in the datasets. 
2. Methodology 
2.1. Data Sources 
All data used in this study is publicly available through the Canadian province of Ontario governmental 
authorities. The Provincial Water Quality Monitoring Program (PWQMN) is a surface water monitoring program 
administered by the Ontario Ministry of the Environment (MOE), in partnership with regional conservation 
authorities, which collects surface water samples from over 400 locations for the analysis of parameters relating to 
water quality. There are over 100 parameters listed under the program, though not all are monitored at every station, 
or collected every month. The parameters from the PWQMN program used in this study are total phosphorus (TP), 
soluble reactive phosphorus (SRP), nitrate (NO3-), nitrite (NO2-), ammonium (NH4+), DSi, as well as the ions Ca2+, 
Mg2+, Na+ and Sr2+. A selection of sites was used for this analysis with the criteria that any site must have at least 
five DSi samples collected from at least one year from 2005 to 2011, and the site must have at least one sample of 
Ca2+, Mg2+, Na+ and Sr2+, from the site itself, or a neighbouring site within its watershed. With this criteria applied, 
79 sites were suitable for analysis and are shown in figure 1. Two additional geospatial datasets were used, the 
(Quaternary Watershed) and the (land-use), provided by Ontario Ministry of Natural Resources and obtained 
through the University of Waterloo Geospatial centre. River discharge data was obtained where possible from sites 
in close proximity to PWQMN within the same watershed from the Water Survey of Canada archived hydrometric 
data, obtained online. 
2.2. Data Analysis 
The sum of the parameters NO3-, NO2- and NH4+ were taken as dissolved inorganic nitrogen (DIN). All 
observations for TP, SRP, DIN and DSi were compared among the three regions using a Mann-Whiney-U rank-sum 
test. Mean concentration from the period 2005-2011 was used to characterize each site. We developed a silicate rock 
type weathering index (SWI) using Ca2+, Mg2+, Na+ and Sr2+. SWI was derived by applying the mean of three, two 
end-member mixing models10 consisting of Na+ normalized ratios of Ca2+/Na+, Mg2+/Na+ and Sr2+/Na+ with end-
members chosen as the extreme high or low values from within the dataset, representing watersheds with 
proportionally higher silicate or carbonate bedrock composition. 
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Because Ca2+, Mg2+, Na+ and Sr2+ are data-poor within the PWQMN dataset, we combined data from several 
sites to generate a weathering index by watershed, rather than by site. All monitoring data is reported in mass 
concentration units, which we converted to M. Each site was assigned a watershed and a land-use composition by 
percent. The land-use layer raster provides for 12 land-use types in 1 km x 1 km grid size; these types were grouped 
into 9 larger categories only 3 categories were used in the analysis: Agriculture, Wooded Area, and Wetland Area. 
Sites were grouped into three spatial regions, North, Central and South. Seasonal cycling of DSi was characterized 
as the relative annual Si range (DSir ), calculated as:  
 
ܦܵ݅௠௔௫ െ ܦܵ݅௠௜௡
ܦܵ݅௔  
 
Where DSimax and DSimin were the maximum and minimum DSi concentrations in a particular year, and DSia was 
the annual average DSi concentration. Where sites had more than 2 calculations of annual DSir , the mean DSir  was 
used. DSia was used as an additional response variable in the analyses.  For each parameter, a Pearson's product-
moment correlation analyses with α = 0.05 was used. When parameters did not relate linearly to each other, they 
were log transformed to fit a linear model. Principal components analysis (PCA) was used to explore the 
relationship among parameters which appeared to correlate with DSia and DSir. All tests were conducted and all 
Fig. 1. Map of selected sites and watersheds from the PWQMN 
dataset, spanning north, central and southern Ontario, Canada Fig. 2. Bar graph showing land-use type in the three regions 
Fig. 3 Nutrient concentrations in the three regions from 2005-2001 
 
Fig.4. Four arbitrarily chosen streams from the central Ontario 
region showing a typical seasonal curve 
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graphs were prepared using the R statistical package (version 3.0.2, The R Foundation for Statistical Computing).   
3. Results 
The three regions differed in their predominant land-use type, particularly for agriculture (North region, 2.2%, 
Central, 31.2% and South, 79.1%) and wooded (North region, 77.9%, Central, 58.7% and South, 17.3%) (Fig.2.). 
TP, SRP and DIN were significantly different among the three regions by the Mann-Whiney-U rank-sum test at a 
chosen a=0.05, however, DSi was not different in the central and south regions (P=0.293) (Fig. 2).  DSi had a 
seasonal pattern that was consistent among most streams, (Fig.4.), characterized by lowest concentrations in the 
spring (April/May) and highest in the late summer (August/September), though there was little information to 
determine the seasonal trajectory in winter. The seasonal patterns differ among the four groups (fig. 5). The percent 
of sites with low DSir (<50) is higher in the north region, while the percent of sites with a high relative range (>100) 
was higher in the southern region. DSir was related to land-use, specifically, DSir was positively correlated with % 
agriculture and negatively correlated with % wooded. DSia was not related to any land-use type. Both DSir and DSia 
were positively correlated with SWI, and DSia was negatively correlated with discharge. The PCA illustrates these 
correlations, and also shows that sites can be grouped by region when land use and water quality parameters are 
included. 
Table 1. Pearson's product moment correlation coefficients and P-values from PWQMN and Land-use parameters, n=79 sites. Coefficients are 
provided only for significant relationships. * denotes a significant relationship. For the relationship with discharge (**), n=42. 
 P-value Coefficient 
logTP vs logSRP <0.001 * 0.9450 
logTP vs logDIN <0.001 * 0.6762 
logDIN vs Agricultrual% <0.001 * 0.6207 
Latitude vs Agricultrual% <0.001* -0.8058 
DSir vs Agricultural % 0.0034 * 0.3257 
DSir vs Wooded % <0.001 * -0.4022 
DSir vs Wetland % 0.2555 - 
DSir vs SWI 0.0416* 0.2298 
DSir vs Watershed Area 0.9796 - 
DSir vs Discharge ** 0.3994 - 
DSia vs Agricultural % 0.1012 - 
DSia vs Wooded % 0.2450 - 
DSia vs Wetland % 0.8826 - 
DSia vs SWI 0.1974 - 
DSia vs Watershed Area 0.1502 - 
DSia vs Discharge ** <0.001* -0.5029 
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4. Discussion 
At the landscape scale, land-use type does not affect the annual average silica concentration of streams and rivers. 
In fact, DSi concentrations are more similar among the three regions than TP, SRP and DIN. This indicates that 
depending on the land-use type, altered Si: N: P ratios will be delivered to receiving waters. As more land is 
converted to agriculture, river water will have lower Si relative to N and P, which may result in Si limited water 
reaching coastal areas.  
DSir, however, is correlated with land use. As the landscape is converted from wooded to agriculture, the 
amplitude of the seasonal DSi increases, indicating that relatively more Si will be delivered in the late summer, 
while relatively less will be delivered in early spring. This effect could be the result of riverine diatom control on 
DSi concentration, where diatom production is increased in agricultural watershed by the opening up of the riparian 
canopy, allowing for greater riverbed illumination, and higher nutrient loading. Alternatively, agricultural crops, 
which can have high Si demand11, may control riverine DSi concentration. Both of these hypotheses require further 
investigation. Using our data we can predict the effect of converting wooded area to agriculture on the annual range 
in DSi. Rescaling the data to include only agriculture and wooded land-use types (no other land-use type had a 
significant effect on DSir), and assuming a linear model, we can predict a change in the annual range (DSimax - 
DSimin) based on the percentage of a watershed that is under agricultural land use (general linear regression, with 
p=0.0003, R2=0.1552, and uncertainty calculated using the standard error of the slope and intercept). For watersheds 
with 0% agriculture and 100% wooded area, the linear model suggests a range of 50.9 ± 7.3 μM, at 50% agriculture, 
an annual Si range of 80.0 ± 15.1 μM, and for 100% agriculture, an annual Si range of 109.0 ± 22.7 μM. Because 
range is twice the amplitude, we can predict that as a watershed increases agricultural land use from 0 to 50%, the 
spring low DSi concentration will be 14.5 ± 3.9 μM, or, for every percentage of watershed converted from wooded 
area to agriculture, spring riverine DSi concentration will decrease by 0.29 ± 0.077 μM. Decreased delivery of Si in 
the spring may result in silica limitation and lowered diatom biomass during spring bloom events1,2,12, which may 
have implications for oceanic carbon burial by diatom blooms fueled by riverine delivery of nutrients. Additionally, 
these results indicate an effect of anthropogenic landscape reengineering on the geochemical Si cycle. 
Fig. 5. Histogram of relative range (as percent), for each of the three 
regions. Ranges are binned 50% increments 
Fig. 6.  PCA of landscape and water quality parameters in 
Ontario, including DSir 
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